We studied the effects of isoflavones and peptides on antioxidant activities of bacterial-type douchi during fermentation. Radical scavenging activities increased with increasing fermentation time. Isoflavone conversion was not obvious, while soy protein hydrolyzed dramatically during fermentation. These results suggest that soybean peptides rather than isoflavones result in variations in antioxidant activity in bacterial-type douchi.
Oxidative injury to the living body caused by reactive oxygen or free radicals play important roles in many lifestyle-related diseases.
1) Douchi, a traditional fermented soybean product in China, is effective in counteracting the detrimental effects caused by free radicals.
2) It can be classified into three types, the Mucor-type, Bacterial-type, and Aspergillus-type, according to the microorganisms involved predominantly in fermentation. During production, Aspergillus species have been found to hydrolyze isoflavonoid glycosides in soybeans into aglycon isoflavonoids, 3, 4) and the latter can be transformed further into more potent bioactive compounds, such as 6-hydroxydaidzein, 8-hydroxydaidzein, and 8-hydroxyglycitein. Similar results were found in Mucor-type soybean production. 5) Most proteins and starchs also convert into simpler components through enzymatic reactions catalyzed by proteinase, peptidase, and amylase during fermentation. The production of douchi generally consists of soaking, boiling, fermentation, and seasoning of soybeans. The soaking, boiling, and fermentation steps make up primary douchi fermentation, while the seasoning step is known as secondary fermentation, intended for aroma generation. It is during primary fermentation that most proteins and starchs convert to simpler components through enzymatic reactions catalyzed by proteinase, peptidase, and amylase. Recent research using purified soybean protein as substrate showed that enzymatic proteolysis produced soybean peptides with antioxidant activity, 6, 7) but there is no information on isoflavones' or soybean protein's contribution to the antioxidant activity of fermented soybean products during primary fermentation. Hence, this study investigated the effects of isoflavones and peptides on the antioxidant activities of bacterial-type douchi during fermention. In order to elucidate the effects of isoflavones and soy protein on antioxidant activity, the changes in -glucosidase activities, protease, and amino acids in fermented soybeans with different fermentation times were also determined.
The bacterium Bacillus subtilis B1 was isolated from douchi koji (Weiyizhai Douchi Factory, Shandong, China), and was identified by its morphological, physiological, and biochemical characteristics and 16S rRNA sequence analysis. Inoculum was prepared following Zhu et al.
8)
Bacterial-type douchi was prepared as described by Zhang. 3) Douchi at different fermentation times was collected, freeze-dried, ground, and passed through a 20-mesh screen. For each sample, 2 g of lyophilized douchi powder was suspended in 20 ml of distilled water, homogenized at 15,000 rpm for 2 min (T25BS4, IKA Labortechnik, Staufen, Germany), and boiled for 15 min to inactive the enzymes. The boiled douchi homogenate was sonicated for 5 min and then shaken at room temperature for 1 h for full extraction. After extraction, the mixture was centrifuged at 12;000 Â g for 20 min, and the precipitate was discarded. The turbid supernatant was then filtered using a 0.45-mm membrane filter (Millex-HX, Millipore, Yonezawa, Japan). The filtrate was used as douchi extract. The 1,1-diphenyl-2-picrydrazyl (DPPH) radical scavenging activity and the 2,2 0 -azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical scavenging activity of the douchi at different times were examined as described previously. 7, 9) Radical scavenging activities were expressed as mg trolox equivalent/g.
Isoflavones were extracted by the method described by Robin et al. 10) Briefly, using a 50-ml centrifuge tube, 500 mg of lyophilized, pulverized douchi sample was y To whom correspondence should be addressed. Tel/Fax: +86-10-62737392; E-mail: lizgcau@163.com Biosci. Biotechnol. Biochem., 73 (12), [2749] [2750] [2751] [2752] [2753] 2009 Note deposited and mixed with 20 ml of 80% methanol. After homogenization (15,000 rpm, 1 min), the tubes were screw-capped and heated in a water bath at 80 C for 30 min. The tube was then centrifuged at 15,000 rpm for 30 min. One ml was withdrawn from the middle layer and membrane-filtered for HPLC analysis. Isoflavones were analyzed by HPLC with a Diamonsil C18 column (4:6 Â 250 mm) (Dima, Orlando, FL). The mobile phases for HPLC consisted of solvent (A) 0.1% v/v acetic acid in filtered MilliQ water, and (B) 0.1% v/v acetic acid in acetonitrile. The solvent gradient was as follows: Solvent B was increased from 15 to 25% over 35 min, then increased to 26.5% in the next 12 min, and finally to 50% within 30 s, and held for 14.5 min. The flow rate was 1.0 ml/min. The column temperature was 40 C and the absorption was measured at 254 nm. Quantitative data for each isoflavone were obtained by comparison to known standards, including daidzin, genistin, glycitin, daidzein, genistein, and glycitein (Sigma Chemical, St. Louis, MO).
For analysis the activities of -glucosidase and protease, 5 g of newly ground douchi was mixed with 50 ml of distilled water, shaken at 50 rpm for 1 h, and centrifuged for 10 min at 5;000 Â g. After removal of the supernatant, 20 ml of distilled water was added and this was centrifuged again. The supernatants from the two centrifugations were mixed and used as crude enzymes.
-Glucosidase activity was measured according to Matsuura and Obata using p-nitrophenyl--D-glucopyranoside (p-NPG) (Sigma) as substrate.
11) One units of -glucosidase activity was defined as the amount of enzyme that releases 1 mmol of p-nitrophenol per min. Protease activity was determined as described by Yang et al., with slight modifications.
12) The protease activity was calculated as units/ml of the enzyme solution. One unit of protease activity was defined as the activity releasing 1 mg of tyrosine equivalent per min under the same conditions.
Free amino acids (FAA) were determined following Sarkar et al. 13) Total amino acids (TAA) in douchi proteins (MW 10 kDa) were extracted by the method described by Abiodun et al., with a minor modification. 14) Cysteine and methionine were determined as cysteic acid and methionine sulphone after acid hydrolysis and performic acid oxidation. 15) Douchi extract was fractionated into two fractions (HMW, !10 kDa; LWM, 10 kDa) using an Amicon ultra-15 centrifugal filter device (Millipore, Boston, MA). The LMW fraction recovered was lyophilized. Eight ml of 6 N HCl was added to 100-mg LMW of powder in a sealed tube, and this was held for 24 h in an oil bath at 110
C. An amino acid autoanalyser (835-50, Hitachi, Tokyo) was used to separate the amino acids. The differences between the values of TAA and FAA were referred to as the constituted amino acids (CAA) of low-molecular-weight peptides.
DPPH and ABTS radicals are widely used to test the ability of free radical scavengers, hydrogen donors or chain breaking antioxidant, in evaluating the antioxidant activity of foods, and to quantify antioxidants in complex biological systems. Figure 1 shows the radical scavenging activities of the bacterial-type douchi during primary fermentation. Unfermented soybeans showed low radical scavenging activities at 28.9 mg of trolox eq/g of douchi for the ABTS radical, and 1.2 mg of trolox eq/g of douchi for the DPPH radical. The ABTS radical-and DPPH radical scavenging activities of all the samples increased significantly (p < 0:05) from the beginning, and reached a plateau at 59.1 mg of trolox eq/g of douchi for the ABTS radical at the 16th h, and 6.8 mg of trolox eq/g of douchi for the DPPH radical at 20 h of fermentation. The ABTS radical scavenging activity of all the samples remained constant after 16 h of fermentation, while their DPPH radical scavenging activity decreased slightly after 28 h. The ABST and DPPH radical scavenging activities of the douchi with 60-d post fermentation (the final product) were determined at 62.7 and 7.2 mg of trolox eq/g of douchi, respectively. This indicates that bacterial primary fermentation endowed the soybeans with high antioxidant activity against the ABTS and DPPH radicals.
A significant correlation (r 2 ¼ 0:9937, p < 0:05) of antioxidant activity between the ABTS radical model and the DPPH radical model was observed for all samples. The high correlation might have resulted partly from the similar mechanism. That is, the douchi samples possibly contained electron-donating substances which reacted with the two types of free radicals and converted them to more stable products, and thus terminated the radical chain reaction. The correlations between the two models indicate that both models are useful for evaluating the antioxidant capacity of douchi.
Fungi can transform isoflavone glucosides into aglycones in large amounts in increases in the antioxidant activity of the soybean product. [3] [4] [5] To examine the role of isoflavones in the antioxidant activities of the douchi, isoflavone isomers in the samples during fermentation were determined (Table 1) . Neither -glucosides, daidzin, genistin, and glycitin, nor the corresponding aglycone isoflavones, genistein, daidzein, and glycitein changed significantly (p > 0:05) during the 36 h of fermentation, indicating that the Bacillus subtilis used in the present study did not convert glucoside isoflavones to aglycone isoflavones during fermentation. Since the -glucosidase was reported to associate with the conversion of isoflavones in soybean, 16, 17) we examined the activity of -glucosidase in douchi at different fermentation times (Table 1 ). -glucosidase was only 6.2 U/g (db.) at 24 h of fermentation, and showed low activity during fermentation. Yin et al. reported thatglucosidase's high activity (120 U/g db.) led to copious conversion of isoflavones in tofu fermentation using Actinomucor elegans to prepare sufu.
18) The -glucosidase activity in this study was actually too low compared with the results of Yin.
18) It appears that the production of -glucosidase was related to the microorganisms involved in fermentation, the Fungi used in the sufu, tempeh and douchi preparation might be more conducive to -glucosidase than the bacteria used in the present study. [3] [4] [5] 18) Statistical analysis showed that there was no significant correlation between the changes in aglycone isoflavones and the radical scavenging activity of the douchi during bacterial fermentation (p > 0:05), suggesting that isoflavone contributes little to the changes in the antioxidant activity of douchi.
Unlike -glucosidase, proteases from B. subtilis B1 in the present study increased drastically for the first 20 h of fermentation, and decreased gradually thereafter (Fig. 1) . The protease at 20 h showed the highest activity at 748 U/g, 17 times higher than that of douchi without fermentation (0 h), and 3.5 times higher than that secreted by Aspergillus egypticus. 7) Concomitantly, dramatic changes in protein took place during fermentation, as shown in the SDS-PAGE patterns (data not shown). Perhaps bacterial fermentation released a large quantity of free amino acids and low-molecular-weight peptides.
Changes in the FAA and CAA of small peptides during fermentation of douchi were studied to gain some information regarding the antioxidant activities of douchi. (Table 2 ). Among all the amino acids, the arginine concentration decreased the most at the end of fermentation. Arginine might be a nitrogen source for secondary fermentation microorganisms, which would explain its rapid decrease. FAA increased steadily throughout fermentation (more than 37 mg/g each 12 h). The ratio of total free amino acids of the douchi at 24 h and 36 h fermentation was 0.68:1. The CAA increased dramatically in the first 24 h, and decreased thereafter. The CAA of the peptides in the douchi at 24 h fermentation was 456.5 mg/g, 35 times higher than that in douchi without fermentation (0 h). The decrease in CAA indicats that further degradation of peptides to FAA was found after 24 h of fermentation.
The changes in CAA during fermentation had markedly association with antioxidant activity. Douchi with higher CAA levels possessed stronger antioxidant activity. Statistical analysis showed a good correlation (r 2 ¼ 0:99, p < 0:05) between the amounts of CAA and their abilities to scavenge ABTS and DPPH radicals.
The amino acid compositions of the low-molecularweight peptides in douchi at 24 h fermentation were rich in certain amino acid residues, including His, Glu, Leu, Val, Phe, Pro, Lys, Asp, and Ala (Table 2) . Peptides with increasing hydrophobicity derived from many protein sources show enhanced antioxidant and emulsifying activities.
6) The douchi exerted radical scavenging activities on both ABTS and DPPH, because it contained relatively high amounts of hydrophobic amino acids, including Pro, Leu, Val, and Ala (>23%) ( Table 2) . Moreover, these amino acids have been reported to be effective in inhibiting the oxidation of fatty acids. 19) Generally, aromatic amino acids and histidine are considered to be effective radical scavengers, because they can donate protons easily to electron-deficient radicals and maintain their stability via resonance structures at the same time. The douchi sample contained some low-molecular-weight peptides with aromatic amino acids and histidine residues (Table 2) , which might have contributed to its higher radicalscavenging properties. Sulfhydryls are known to be free radical scavengers. Peptides with cysteine residues were also found in the douchi (Table 2 ). In addition, acidic and/or basic amino acids play an important role in the antioxidant effect. 20) This douchi also consisted of an acidic amino acid residue (aspartic acid) and basic amino acid residues (histidine).
It is known that isoflavones can participate in the antioxidant activity of soybean. Esaki et al. reported that antioxidant activity depended on the increases in watersoluble fractions of natto with fermentation time. 21 ) Liu et al. also reported that a laboratory-prepared tofu containing approximately 50 ppm of isoflavones had greater effects than soybean extract with 250 ppm of isoflavones. 22) This indicates that molecules other than isoflavones might have synergistic effects on the in vivo antioxidant enzyme induction of tofu. Moreover, aqueous extracts of natto and tempeh also have strong antioxidant potential in vivo, 23, 24) while soybean protein inhibits lipid peroxidation in the plasma. 25) Our results indicate that peptides and amino acids were liberated during douchi fermentation, and that the antioxidant activity of the douchi depended on the increase in peptides with fermentation, rather than on the increase in isoflavone aglycons. In addition, antioxidant peptides are found in the hydrolysates of soy proteins, such as histidine-containing peptides and hydrophobic amino acid-containing peptides. The aqueous extracts of douchi contained high contents of peptides and amino acids and very few isoflavones. Therefore, the water soluble peptides rather than isoflavones mainly contributed to the antioxidant activities of the douchi samples.
Besides isoflavones and low-molecular-weight peptides, soybean fermentation also produced other materials, such as amino acids and melanoidin, which can also cause changes in the antioxidant activities of fermented foods. Amino acids obtained during soybean fermentation can increase the antioxidant activity of tempeh, another fermented soybean food. 5) Kan et al. reported that melanoidin developed during the secondary fermentation of Aspergillus-type douchi strongly scavenged hydro radicals. 26) We noticed a great deal of the FAA produced at the end of soybean fermentation in the present study (Table 2 ). In particular, the increment in glutamic acid was larger than in the other free amino acids. The levels of histidine, praline, and leucine increased significantly throughout fermentation, and the soybean color became darker and darker at the end of fermentation (data not shown), which indicates that melanoidin appeared during fermentation. The increasing amino acids and melanoidin explain why the amount of low molecule weight peptides reduced significantly as fermentation was extended to 36 h (p < 0:05) and radical-scavenging effects fell only slightly in the present study.
In conclusion, this study indicates that Bucillus subtilis B1 fermentation has soybean strong antioxidant activity against the ABTS and DPPH radicals. Changes in isoflavones had marginal effects on improving radicalscavenging activities of soybean fermented by Bacillus subtilis B1. On the other hand, low-molecular-weight peptides consisting mainly of hydrophobic, aromatic, acidic, and basic amino acids played an important role in determining the radical scavenging activities of douchi. The characterization of peptides with strong antioxidant activity in the douchi must be further studied.
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